Abstract Advanced metastatic disease is difficult to manage and specific therapeutic targets are rare. We showed earlier that metastatic breast cancer cells use the activated conformer of adhesion receptor integrin avb3 for dissemination. We now investigated if targeting this form of the receptor can impact advanced metastatic disease, and we analyzed the mechanisms involved. Treatment of advanced multi-organ metastasis in SCID mice with patient-derived scFv antibodies specific for activated integrin avb3 caused stagnation and regression of metastatic growth. The antibodies specifically localized to tumor lesions in vivo and inhibited avb3 ligand binding at nanomolar levels in vitro. At the cellular level, the scFs associated rapidly with high affinity avb3 and dissociated extremely slowly. Thus, the scFvs occupy the receptor on metastatic tumor cells for prolonged periods of time, allowing for inhibition of established cell interaction with natural avb3 ligands. Potential apoptosis inducing effects of the antibodies through interaction with caspase-3 were studied as potential additional mechanism of treatment response. However, in contrast to a previous concept, neither the RGD-containing ligand mimetic scFvs nor RGD peptides bound or activated caspase-3 at the cellular or molecular level. This indicates that the treatment effects seen in the animal model are primarily due to antibody interference with avb3 ligation. Inhibition of advanced metastatic disease by treatment with cancer patient derived single chain antibodies against the activated conformer of integrin avb3 identifies this form of the receptor as a suitable target for therapy.
Introduction
Advanced multi-organ metastasis is difficult to manage, and therapies could be improved if new functional targets on tumor cells were identified [1] . A potential target for inhibition of metastatic growth is the high affinity conformer of adhesion receptor integrin avb3. avb3 is an important player in tumor angiogenesis, but it also promotes tumor cell adhesion, invasive migration and survival [2] [3] [4] [5] [6] . The expression of avb3 in tumors and the tumor associated vasculature correlates with tumor grade and progression in several tumor types, most prominently in melanoma, glioma, and breast cancer [4, [7] [8] [9] [10] . avb3 antagonists, including antibodies, can disrupt tumorinduced angiogenesis in animal models [11] [12] [13] and interfere with metastasis promoting tumor cell functions [14] [15] [16] . We previously documented that the activation state of avb3 is critical for supporting metastatic progression and that the high affinity form of avb3 identifies a metastatic subset of tumor cells [5] . Interestingly, we also found that the immune repertoire of cancer patients can contain anti-tumor antibodies, which specifically react with the activated form of avb3. These antibodies are ligandmimetics of the avb3 integrin and carry an Arg-Gly-Asp (RGD) sequence within their CDR-H3 regions [17] .
In the present study, we investigated whether targeting the high affinity conformer of integrin avb3 with the ligand mimetic antibodies can interfere with advanced metastatic disease. This was examined in immune deficient mice after inducing progressive metastatic burden with human tumor cells expressing high affinity avb3. Response to treatment was followed with non-invasive bioluminescence imaging. The observed anti-metastatic properties of the scFv antibodies are due to their ability to specifically and nearly irreversibly bind and inhibit the activated conformer of avb3. Thus, activated avb3 appears as a suitable target for the inhibition of widespread metastatic disease. The fully human antibodies used in this study and their derivatives, or compounds with similar specific properties, might provide a basis for powerful therapeutic intervention of advanced metastasis.
Results
The main goal of this study was to investigate if the high affinity conformer of tumor cell integrin avb3 is a suitable target for inhibition of advanced and widespread metastatic disease. We used human tumor cell models expressing activated avb3 in immune deficient mice, and analyzed the ability of patient derived scFv antibodies against this form of the receptor to interfere with advanced metastatic progression.
Antibody binding validation and routes of administration
To test in principle whether targeting activated avb3 with the ligand mimetic scFvs interfere with advanced metastatic disease, we chose a phage-displayed format of the antibodies for treatment. By using this format, we took advantage of the tissue penetrating properties of phage and their ability for multivalent antibody display [18] . To verify the cell binding characteristics of the phage antibodies, we analyzed each scFv-phage batch for tumor cell binding before using the material for animal treatment. ScFv phage binding was examined on two different tumor cell models, each expressing the activated form of integrin avb3, namely M21 human melanoma cells (high avb3 expression) and MDA-MB-435 b3 D723R human metastatic cancer cells [5] (intermediate avb3 expression). Binding of avb3 directed scFv1-and scFv5-phage was compared to wild type phage as a control (Fig. 1a) . Appropriate routes of administration and in vivo distribution of scFv phage were examined in non-tumor bearing mice to assess if and to what extent the antibodies were able to reach major target organs of metastasis, without the bias of tumor burden there. Inoculation of 5 9 10 10 scFv1 or scFv5 phage intranasally, intravenously or intraperitoneally lead to efficient phage recovery from the lungs, brain, liver, and kidneys of SCID mice 24 h after scFv injection (Fig. 1b  shows scFv5 ). Intravenous and intraperitoneal routes produced the highest phage titers in the examined organs ([1 9 10 8 phages per gram of tissue). The lowest titer was found in the brain. Having established that scFv phage can a Before use in animals, the binding properties of each scFv phage batch were analyzed by flow cytometry on tumor cells expressing high affinity integrin avb3. scFv phage was tested in the presence of calcium on M21 human melanoma cells that carry activated avb3 and on MDA-MB 435 cells which express mutant avb3 D723R . b scFv phage organ distribution in the mouse model. Phage were injected i.v., i.p. or applied intranasally to non-tumor bearing mice to determine phage organ distribution 24 h later reach sites that are most frequently involved in metastasis, we chose the intraperitoneal route for scFv phage treatment of tumor bearing animals, as this route lead to high phage tissue recovery and can be used repeatedly for treatment.
Treatment of metastatic disease with scFv antibodies targeting activated integrin avb3
Metastasis was induced in SCID mice by injecting MDA-MB-435 human metastatic cancer cells [19, 20] into the venous circulation. The tumor cells were stably tagged with firefly luciferase to follow their growth and response to treatment based on non-invasive longitudinal measurements by bioluminescence signal of whole body imaging. For the treatment studies, scFv phage purification was optimized to remove endotoxin, and it was verified that phage injection had no adverse side effects. Metastatic burden was monitored in each animal over time and measured based on photon flux (p/s/cm 2 ). The fold-change in lesion growth under treatment was calculated by comparing lesion growth during a given number of days before treatment and the same number of days under treatment.
An overview of treatment responsiveness in animals with advanced metastatic burden and response types is given in Table 1 . The results indicate that scFv1 or scFv5 treatment interfered with in vivo growth of metastatic lesions in a significant number of animals compared to treatment controls (P = 0.0164 by Fisher exact test).
Treatment response measurements initially focused on lung lesions because these represented the strongest burden and were consistently found. Figure 2 shows mice where metastatic lesions were allowed to develop for 56 days before starting i.p. treatment with scFv1 or scFv 5 phage (5 9 10 10 ). The animals in panels A-C had received 1 9 10 5 tumor cells and were treated every 48 h for 7 days (four doses). The percentage of responding animals was 57% in the scFv1 group, and 60% in the scFv5 group. To challenge the therapeutic approach and assess treatment responses in mice with even stronger metastatic burden, mice as shown in panel D were injected with 2.5 9 10 5 tumor cells and received treatment on day 56 given every 24 h (eight doses). Under these conditions, the response rate was 75% in the scFv1 group, and 25% in the scFv5 group. All control animals showed continuous lesion progression. Treatment efficacy of scFv1 was higher than that of scFv5. This finding corresponds to an enhanced potency of scFv1 for interfering with avb3 integrin ligand binding, as shown below. The results indicate that targeting the high affinity form of integrin avb3 can impact advanced metastatic burden and slow its growth.
To emulate a clinical situation where patients may present with widespread advanced metastatic disease to multiple organs, and to monitor treatment response of lesions at individual target sites, we injected SCID mice i.v. with a subline of MDA-MD 435 (MDA-MB 435 met) that we selected in vivo. This subline expresses intrinsically activated integrin avb3, and consistently causes multiorgan metastasis. All injected mice developed metastatic lesions in multiple target organs, including the brain, lymph nodes, liver, spleen, bone, kidneys and lungs. We selected the animals with the highest tumor burden and the most widespread metastasis for therapy with scFv1 or scFv 5 phage. Individual animals had metastases in up to three different organs. In all cases, these included the lung. The animals were treated every 24 h for 7 days with 5 9 10 10 scFv1 or scFv5 phage, and lesion growth was monitored by bioluminescence imaging. The results are summarized in Table 2 , reporting regression of pulmonary and extrapulmonary metastases in the treatment groups. Examples of regression in renal metastases in response to only three doses of scFv1 treatment are shown in Fig. 3 . In one case, an adrenal lesion, clearly documented before treatment, disappeared and was no longer detectable by non-invasive whole body imaging ( Fig. 3a Mouse 1) or by ex vivo imaging of the excised organ. In another case, a large adrenal lesion clearly regressed in response to scFv1 ( Fig. 3a Mouse 2).
Metastatic lesions in different organs within the same animal sometimes showed distinct responses to treatment. There was no apparent correlation between lesion size at the beginning of treatment and the ability to respond. Compared to controls, treatment response was seen in a significant number of animals receiving scFv1 or scFv5 (P = 0.0164, Fisher exact test). There was no significant difference between responses to scFv1 compared to scFv5 (P = 0.55, Fisher's exact test)
For comparison of responses between the three groups, scFv1, scFv5, and controls, we note that the overall likelihood ratio chi-squared statistic with six degrees of freedom may be partitioned into two independent components, each with three degrees of freedom: the first component corresponds to comparison of scFv1 vs scFv5, and the second component corresponds to the comparison of controls to the pooled scFv1/scFv5 category [45] Clin Exp Metastasis (2010) 27:217-231 219 per dose) started on day 56 post tumor cell injection. a Examples of non-invasive bioluminescence imaging of representative animals that had received 1 9 10 5 tumor cells before treatment on day 49, at treatment onset on day 56, and after four doses of treatment on day 63. Reduced progression in lung lesions is seen after treatment with scFv1 but not with Wt-phage. b Response to treatment given every 48 h (four doses). Fold-changes of lesion growth were calculated based on growth during 7 days before treatment compared to 7 days under treatment. ScFv1-phage treatment yielded a 57% animal response rate in lung burden and one animal with stabilization of lesion growth. ScFv5-phage treatment resulted in a 60% animal response rate for lung burden. Wt-phage gave no reduction in tumor growth. c Non-invasive bioluminescence imaging of lung burden (photons/second/cm 2 ) over time before and during treatment. Animals were treated every 48 h for (four doses). Lung lesion growth was monitored pre-treatment (day 49-56) and during treatment until day 63 (the end of treatment). Dashed vertical lines indicate the start of treatment on day 56. Animals responding to treatment are colored. d Response of mice with very advanced metastatic burden, induced by injecting 2.5 9 10 5 tumor cells, to treatment given every 24 h (eight doses). Treatment with Wtphage gave no response, whereas regression and reduced tumor progression was seen in the scFv treated animals. ScFv1-phage treatment yielded a response in 75% of the animals, and scFv5-phage in 25%. Animals responding to treatment are colored Differences in the vascularity of the lesions and vascular functionality, as well as heterogeneity of individual lesions might contribute to this observation. Overall, scFv1 treatment induced regression in multi-organ metastasis more efficiently than scFv5. All animals treated with control phage showed continuous progression in individual lesions and overall tumor burden.
In vivo localization of scFv to metastatic lesions and in situ treatment response Having evidence that scFv1 or scFv 5 treatment directed against the high affinity conformer of integrin avb3 can interfere with advanced metastatic growth, we investigated whether the antibodies actually reached the tumor cells within metastatic lesions to assess whether the tumor cells are direct targets of this treatment. To track the antibodies in lesion bearing animals that had received scFv1 or scFv5, the animals were terminally perfused 24 h after the last antibody dose and cryosections prepared of control and tumor bearing organs. Tumor cells were identified by staining for human CD44 [21] (dark blue in Fig. 4a ), and scFv phage was detected with anti-M13 (brown in Fig. 4a or red fluorescence in b). As indicated in Fig. 4a , showing phage signal within metastatic lesion tissue particularly at higher magnification (right panel), and clearly seen by imunofluorescence staining in Fig. 4b , ScFv1 and scFv 5 phage specifically accumulated within metastatic lesions and in their immediate proximity. This was observed in different organs with metastatic burden, but not in nontumor bearing tissues. Wild type phage, used as a control, did not accumulate at tumor lesions. Non-tumor bearing tissues sporadically showed a faint signal for wild type phage, but not associated with any specific cell type. Figure 4 documents that scFv1 and scFv5 phage localized to lung or lymph node metastases. In some cases, scFv signal was found directly associated with the tumor cells. An example of a lung lesion is shown by deconvolution microscopy in Fig. 4b (bottom row). These results indicate that the ligand mimetic antibodies, directed against the activated conformer of integrin avb3, localized to advanced metastatic lesions in the mouse model in a therapeutic setting. Integrin avb3 is known to be a key player in angiogenesis, and the activated form of the receptor is expressed by sprouting endothelial cells [22] . We found that the patient derived antibodies, scFv1 and scFv5, react with the murine antigen (by flow cytometry on proliferating murine endothelial cells and the Bend3 endothelial cell line, not shown). However, there was no difference in micro vessel density within lung tumor lesions in control versus antibody treated animals. This was Regression of metastatic burden was based on comparing lesion growth during the same time before versus under treatment, measured by bioluminescence imaging and fold-changes in photon flux (p/sec/ cm 2 ) as in Table 1 . Due to the heterogeneity of lesion burden and organ involvement, only regression responses are shown, and pulmonary versus extrapulmonary lesions are listed separately. Considering responses of lesions at all sites, scFv1-but not scFv5-lead to regression of multi-organ metastasis in a significant number of animals (7/9 scFv1, 2/6 scFv5, 0/7 control; P = 0.0073 Fisher's exact test) In these examples, the location of renal lesions is circled and shown 3 days before treatment, at the beginning of treatment, and after three daily doses of scFv1 phage. b Fold-change in renal lesion growth, calculated based on signal change during 3 days before and 3 days under treatment Clin Exp Metastasis (2010) 27:217-231 221 Fig. 4 Localization of scFv1 or scFv 5 phage to areas in and around metastatic lesions in mice with multi-organ metastasis. a Immunohistochemical detection of phage homing to metastases in the lungs and lymph node. ScFv phage, or wt control phage, were injected i.p. daily for 7 days into tumor bearing mice. 24 h after the last scFv dose, the animals were terminally perfused and frozen tissue sections stained with mAb 29.7 (dark blue), specific for human CD44 indicating the tumor cells, and anti-M13 mAb to detect phage (DAB, brown). Animals treated with wt-phage did not show phage localization to tumor metastases (left panels), but lung metastasis from scFv5-phage treated animals showed phage localization in the tumor proximity as well as within the lung lesion (middle). A lymph node metastasis from an animal treated with scFv1-phage showed phage localizing to the tumor bulk as well as to the outer border of the lesion (right). Controls treated with secondary antibody and substrate did not show specific staining in or around any lesions. Scale bars indicate 100 lm. b Fluorescence microscopy detecting phage (red). (Upper row) M13 phage was detected in and around lung metastases of scFv1-phage treated animals (right), as well as within the near proximity of the tumor lesions (second right), with minimal phage signal in the unaffected lung tissue away from a tumor lesion (left). Lymph node metastasis showed scFv1-phage localization in the tumor mass and within the tumor proximity (second left, top and bottom). Animals treated with wt-phage showed no specific staining in tumor lesions. Only a weak signal was sometimes seen in non-tumor bearing parts of the tissues, comparable to that seen for scFv phage in unaffected areas of lung tissue (lower left). Using optical sectioning and deconvolution of z-stack images, scFv phage was specifically detected associated with tumor cells (lower second right). Scale bars indicate 100 lm measured on anti-CD34 stained step sections covering 600-800 lm depth of lung tissue (data not shown). There was a tendency for fewer lesions in the lungs of animals responding to treatment (1-9 lesions) compared to controls (10-25 lesions).
To investigate how scFv treatment targeting the activated conformer of integrin avb3 affects lesion development in vivo, we studied cell cycle marker expression in lung metastases that responded to scFv treatment. Compared to controls, the number of proliferating Ki67-positive cells was significantly reduced in lesions responding to treatment (Fig. 5a ). Expressed as percent area covered by Ki67 signal of total lesion area measured, the mean Ki67 reactivity in control and non-responding lesions was 38.1 ± 6.9, and 19.9 ± 7.4% in responding lesions (P = 0.0159). In addition, the responding lesions showed enhanced infiltration by activated macrophages (F4/80 signal; Fig. 5b ). The results indicate that scFv treatment affected the growth rate of metastatic lesions at the cellular level and involved host cell responses. These responses potentially helped to clear apoptotic or dead tumor cells, which were rarely detected (not shown).
Inhibition of receptor-ligand binding at the molecular level
To investigate mechanisms involved in the observed treatment responses, we studied the interactions of the ligand-mimetic antibodies and integrin avb3 at the molecular and cellular levels.
To assess molecular interactions between integrin avb3 and the scFv antibodies, we analyzed their ability to interfere with ligand binding to the purified receptor. Vitronectin, fibronectin and fibrinogen are natural ligands of avb3 in extracellular matrices and plasma. A hallmark characteristic of the activated conformer of avb3 is that the receptor can recognize these ligands as soluble proteins. Incubation of the biotinylated proteins with immobilized avb3 in the presence of cations and increasing concentrations of the antibodies showed that scFv 1 and scFv 5 efficiently interfered with avb3 ligand binding (Fig. 6a) . The half maximal inhibitory concentrations (IC 50 ) for scFv 1 were 1.25 nM for vitronectin, 0.71 nM for fibronectin, and 0.35 nM for fibrinogen. For scFv 5, the IC 50 values were 25 nM for vitronectin, 12.5 nM for fibronectin, and 10.7 nM for fibrinogen. ScFv20 used as a control antibody failed to inhibit. While patient derived scFv antibodies scFv 1 and scFv 5 contain the RGD integrin binding motif within their CDR-H3 regions and are specific for avb3, scFv 20 lacks the RGD motif, does not block function and detects av integrins regardless of their b subunit association [17] . The results demonstrate that scFv1 and scFv 5 have a high affinity for avb3 and compete very effectively with ligands binding to this receptor. The increased inhibitory efficacy of scFv1 over scFv5 at the molecular level is reflected in the increased anti-cancer efficacy of scFv1 seen in vivo.
Characteristics of scFv binding to human tumor cells expressing activated integrin avb3
To understand inhibitory activities of scFv1 and scFv5 on tumor cell functions that rely on integrin avb3 and might promote metastasis, we analyzed interaction between the scFvs and tumor cell expressed avb3. Integrin binding of natural ligands in their soluble form requires the high affinity state of the receptor [23] . Furthermore, tumor cells within target tissues interact dynamically with components of the extracellular matrix and derive signals from their Dissociation was determined after allowing cells to bind scFv for 1 h to reach binding saturation, followed by removal of unbound ligand, washing and measuring scFv that remained bound in 10 min intervals. FITC-labeled Fg was used as a natural ligand for comparison. All incubations were done on ice using ice-cold buffers to prevent scFv or ligand internalization. No binding was detected in the absence of divalent cations matrix environment for survival and growth. To investigate the binding characteristics of tumor cell expressed high affinity avb3 and the ligand mimetic scFvs, we analyzed cellular association and dissociation. All scFv cell binding experiments were carried out at 0°C to prevent internalization. Flow cytometry binding analysis of fluorescinated scFv5 protein and MDA-MB 435 human metastatic cancer cells, expressing either activated high-affinity avb3 D723R or non-activated avb3 WT , indicated that the ligand-mimetic antibody depended on avb3 activation for efficient binding. Binding was experimentally maximized in the presence of Mn 2? (Fig. 6b, left panel) , a cation known to induce a high affinity state in integrin heterodimers [24] [25] [26] . Using a Mn 2? concentration (25 lM) that supports suboptimal (75%) scFv5 binding to tumor cells expressing the intrinsically activated receptor (b3 D723R mutant), we titrated the antibody to determine binding saturation. Saturable binding in the presence of divalent cations indicated specificity and cation dependence (Fig. 6b, right panel) . These findings underscore the ligand mimetic nature of the scFv antibodies and define conditions suitable to determine cellular association and dissociation of the antibodies. The association and dissociation characteristics are important for understanding the therapeutic potential of the antibodies and their ability to interfere with established avb3 ligand interactions. Such interactions support tumor cell integration and growth within target tissues of metastasis.
Using tumor cells expressing intrinsically activated avb3 D723R and 25lM Mn 2? , we found that the ligand mimetic antibodies scFv1 and scFv5 exhibit a fast cellular association rate, with half maximal binding observed after 5 min, the earliest measured time point (shown for scFv 5 in Fig. 6c, left panel) . In contrast, scFv dissociation after binding saturation was exceedingly slow, with only 22% binding loss after 160 min, whereas binding of fibrinogen, a natural ligand of avb3, was reduced by 50% after 60 min, and 88% after 120 min (Fig. 6c, right panel) . These results indicate that the ligand mimetic antibodies can occupy the receptor efficiently and stay bound for prolonged periods of time. Thereby the antibodies may displace natural ligands that dissociate off the receptor. Based on these properties, the antibodies efficiently interfere with dynamic avb3 mediated cell adhesive functions during cell migration and invasion as previously seen in vitro [17] . Importantly, the observed scFv cell binding characteristics likely enable the antibodies to interfere with tumor cell behavior in vivo and to disrupt established tumor cell adhesion mediated by integrin avb3.
Analysis of caspase-3 activation by the RGD-containing scFv antibodies
The in vivo responses to treatment with the avb3 ligandmimetic scFv antibodies may have diverse underlying reasons. The antibodies could exert their therapeutic effects primarily through their ligand-mimetic nature interfering with avb3 ligand binding. However, additional mechanisms may also be involved. We previously showed that scFv 1 and scFv 5 are internalized by tumor cells expressing activated integrin avb3 and induce apoptosis [17] . We therefore reasoned that the internalized RGDcontaining scFvs might interact with intracellular proteins, such as the apoptosis inducing caspase-3. Caspase-3 contains a putative RGD binding site, close to its Asp 175 cleavage site (Asp-Asp-Met, DDM) [27, 28] . A previously reported intriguing concept suggested that cell internalized RGD peptides might induce apoptosis by directly binding and activating caspase-3 [27, 29, 30] . To explore if such a mechanism might be involved in the observed anti-metastatic properties of the RGD containing scFv antibodies, we verified that the tumor cells used in our treatment study expressed caspase-3, and analyzed if the scFvs could directly interact with caspase-3 and activate the enzyme.
We confirmed caspase-3 expression in MDA-MB-435 human tumor cells used in our in vivo treatment study (Fig. 7a) . MCF7 cells lacking caspase-3 [31] were used as negative control, and SKBr3 [32] as positive control. To investigate if RGD containing scFv 1 and scFv 5 can directly bind caspase-3, we analyzed whether the scFvs immuno-precipitate caspase-3 from tumor cell lysates, or if the scFvs-added to tumor cell lysates-could be coimmunoprecipitated with anti-caspase-3. We found no evidence of scFvs caspase-3 interaction (not shown). Furthermore, we found no interaction between recombinant caspase-3 and RGD-containing scFv1 or scFv5 by ELISA under various cation conditions known to affect RGD binding (Fig. 7b) .
Once internalized by cells, RGD-containing proteins might transiently interact with caspase-3 in a biologically relevant but difficult to detect manner. Considering the therapeutic effects on metastatic growth by the RGD-containing scFvs in our animal model, we therefore investigated whether the scFvs could contribute to caspase-3 activation in cell lysates and by using recombinant human caspase-3 protein. Hypotonic lysates of 293A cells, deprived of mitochondria and containing caspase-3, were readily activated by addition of cytochrome c and dATP to form apoptosomes that can activate caspase-3 (Fig. 7c, d ). Cofactors in these gently generated lysates promote the stability of procaspase-3 and support its activation. In contrast, RGD-containing scFv 5, or RGD peptides, showed no induction of caspase-3 activity over RGE-containing scFv Mut5, or RAD, as negative controls. Similar results were obtained despite increasing scFv concentrations, and after investigating the kinetics of caspase-3 activation by continuous measurement of substrate cleavage over time (Fig. 7d) . Likewise, reducing the complexity of the assay system further and using recombinant caspase-3 to ensure that the reaction and potential interaction between caspase-3 and scFv antibody was not influenced by components present in cells or cell lysates, did not reveal RGD induced caspase-3 activation (Fig. 7d, right) . Thus, these results make it very unlikely that the internalized RGD-containing antibodies scFv1 or scFv5 induce apoptosis by direct activation of caspase-3. We therefore conclude that the inhibitory properties and in vivo treatment effects, that the antibodies exerted on tumor cells expressing the activated conformer of integrin avb3 and their metastatic lesions, are most likely based on the ability of the antibodies to interfere efficiently with ligand binding to the target integrin.
Discussion
Metastatic disease is mainly treated with chemotherapy to halt tumor growth or with specific inhibitors of receptors and pathways to interfere with tumor cell viability. Development of effective combinations of such therapies and discovery of new targets are urgently needed to improve therapeutic responses.
Our study explored the high affinity, activated conformer of integrin avb3 on metastatic tumor cells as a functional target for therapy with human antibodies that specifically recognize and block this form of the receptor. We showed earlier that a metastatic subset of human tumor cells expresses the activated integrin and uses this form of the receptor for successful early steps of dissemination to distant organs [5] . Interestingly, the immune repertoire of cancer patients contains antibodies that recognize the high affinity form of avb3. These antibodies mimic natural ligands of the receptor through expression of an RGD integrin-binding motif within CDR-H3 of the antigen recognition site. This feature is combined with specificity for avb3 [17] .
Integrin avb3 is expressed by certain invasive tumor types, such as metastatic melanoma, glioma, and breast cancer [7] [8] [9] [10] 13] . The receptor is also present on angiogenic blood vessels [3] and serves as an important mediator to secure blood supply for tumor growth. As on metastatic tumor cells, avb3 is activated on angiogenic blood vessels [33] and potentially fulfills similar growth promoting and invasive functions of the sprouting endothelial cells. Integrin avb3 antagonists, targeting the receptor regardless of its functional activation state, have been used in animal models and recently in cancer patients, to curb angiogenesis and slow tumor growth [34] . In the clinic, antibodies against avb3 and a cyclic peptide-based inhibitor of avb3 and avb5 have shown promising effects [14] . MEDI-522, a second generation humanized anti-avb3 mAb showed low toxicity and induced stable disease in some patients with renal metastasis [35] .
Generally, integrin ligation supports signal transduction that promotes cell survival, migration and proliferation [36] . Transient expression of the high affinity form of certain integrins in normal cells is tightly regulated and necessary for specific functions. These include leukocyte and platelet interaction with the vessel wall during immune reactions and hemostasis [37] . Expression of activated avb3 and the constitutive presence of the high affinity receptor on disseminating tumor cells may be key for metastatic progression. Thus, therapeutic targeting of the high-affinity conformer of avb3 could offer a focused strategy for interfering with metastatic growth and angiogenic support.
Here, we show that treatment of experimental mice with advanced metastatic disease induced by human tumor cells expressing activated avb3, can stabilize lesion growth and block progression. We applied scFv fragments of patient derived antibodies against the high affinity form of avb3 displayed on phage. This approach increases scFv valency and in vivo half-life. It also takes advantage of the phage tissue penetration properties. In the clinic, this format may not be not preferred but could be replaced with multivalent scFvs, Fab fragments or whole IgG, possibly coupled to toxins or effector molecules [38] . The scFv format could be helpful for diagnosis and tumor cell tracing to report metastatic disease because of the low molecular weight of the scFvs (27 kDa) and their rapid clearance from the circulation and tissues [18, 39] . To gain proof-of-principle information on whether targeting the high affinity conformer of tumor cell integrin avb3 can inhibit advanced and widespread metastatic disease, we increased the challenge for the therapeutic potential of the avb3 directed antibodies and accounted for a spectrum of clinically relevant situations. These included increased tumor burden at the beginning of treatment and the involvement of multiple and differently affected metastatic sites. The observed clinical responses indicated heterogeneity in the metastatic burden in individual animals and different target organs. This situation is clinically relevant and reflects a major challenge for new therapeutic approaches. We demonstrated that scFv antibdody phage can reach metastatic lesions. However, it is possible that not all lesions uniformly absorb the antibody and that some are not efficiently reached by the treatment due, at least in part, to irregularities in the functionality of lesion supporting blood vessels.
Generally, we found that scFv1 is a more potent inhibitor than scFv5. This was seen in the animal studies, particularly under clinically more challenging conditions, but also at the molecular level. Characterizing mechanisms involved in the observed therapeutic response of advanced metastasis to treatment with scFvs against high affinity integrin avb3, we found that the antibodies specifically localize to metastatic lesions and inhibit avb3 ligand binding in the nanomolar range. ScFv 1 is a particularly potent inhibitor and interferes with vitronectin binding 20-fold more effectively, fibronectin binding 17.6-fold more effectively, and fibrinogen binding 30.6-fold more effectively than scFv5.
Both scFvs associate rapidly with avb3 on tumor cells and, in contrast to natural ligand, dissociate extremely slowly. This finding supports the concept that the scFvs may displace natural ligand from the receptor and block the integrin efficiently. This is relevant during adhesion and migration when avb3 temporarily dissociates from its natural ligands. Through this mechanism, the scFvs likely exert long-term inhibitory functions and may effectively impact tumor cell survival and growth mediated by high affinity avb3. In addition to inhibiting activated avb3 on tumor cells, the scFvs might interfere with tumor angiogenesis. We found that the ligand mimetic scFvs react with Clin Exp Metastasis (2010) 27:217-231 227 the murine receptor. However, we did not see differences in microvessel density in lesions of control versus antibody treated animals. It is well known that RGD-containing peptides can induce apoptosis by binding to integrins and blocking their functions. Several intriguing reports suggested an additional mechanism through which RGD-containing molecules might impact tumor cell survival [27, 29, 30] . Upon cell internalization, RGD peptides were proposed to interact with an RGD-binding site within procaspase-3 [27, 28] . It was claimed that interactions between the RGDbinding site and RGD-peptides could induce auto-activation of caspase-3. This concept had garnered high attention in the integrin field as it indicated that RGD containing compounds might interfere with tumor cell viability not by inhibiting integrin mediated adhesion, but directly by triggering an apoptotic response through activation of caspase-3, using integrins merely as docking molecules for cell internalization. In fact, we showed earlier that tumor cells expressing activated avb3 can internalize the ligand mimetic scFvs used in this study, and respond with apoptosis [17] . Because of the clinical relevance of our finding that the RGD containing patient derived antibodies could interfere with late stage metastasis, we systematically investigated the ability of the RGD containing scFvs and RGD peptides to bind and directly activate tumor cell caspase-3. However, we did not detect any interaction between caspase-3 and the scFvs or RGD-peptides. In addition, we found no evidence for procaspase-3 activation in cell lysates or using recombinant caspase protein. Therefore, the therapeutic effects of the RGD containing antibody fragments are most likely due to their high affinity to avb3 and potent and persistent ability to interfere with avb3 ligation.
Together, our results indicate that the high affinity conformer of integrin avb3, expressed by a metastatic subset of human tumor cells, is a promising target for inhibition of advanced and widespread metastatic disease. The activated receptor can be efficiently blocked with antibodies from the cancer patient immune repertoire, which interfere with metastatic growth.
Materials and methods
scFv protein and phage production and preparation for in vivo use ScFv antibodies directed against activated integrin avb3, svFv1 and scFv 5, [17] were displayed as pIII fusion proteins on M13 bacteriophage and expressed in E. coli. Phage or scFv protein were purified as described [40] . For in vivo use, endotoxin was removed from phage preparations by repeated phase separations using 1% Triton X-114 [41] . Phage was further purified on protein purification spin columns (Pierce, Rockford IL) and sterile filtered. Phage titer was determined by infecting E.coli TG1 with serial dilutions (1 9 10 4 -1 9 10 10 -fold) and enumerating colonies on carbenicillin containing agar plates. Phage titers were generally around 10 11 /ml.
In vivo phage distribution
Phage were injected i.v, i.p or applied intranasally into non-tumor bearing mice to determine phage organ distribution. For intranasal gavage, a phage volume of 10 ll was administered directly into the nostrils in 2 ll increments over 5 min. The organs were harvested and weighed 24 h after phage injection, homogenized in PBS, washed and serially diluted to infect bacteria before counting carbenicillin resistant colonies to calculate the number of phages per gram of tissue.
Analysis of scFv cell binding by flow cytometry
Before use in animals, each scFv phage batch was analyzed by flow cytometry for binding to tumor cells expressing high affinity integrin avb3 in the presence of Ca 2? [17] . Phage-ScFvs were used at a concentration of 5 9 10 8 in TBS and incubated with cells on ice, followed by murine anti-M13 mAb 10 lg/ml (Exalpha Biologicals, Watertown, MA) and goat FITC-anti mouse 1:50 (Zymed, San Francisco, CA).
In vivo treatment of metastatic disease
Advanced metastatic burden for analysis of treatment response was induced by tail vein injection of 6-8 week old CB.17 SCID mice with 1 9 10 5 -2.5 9 10 5 luciferase tagged MDA-MB 435 or MDA-MB 435-met cells (in vivo selected for enhanced metastatic activity). scFv phage were prepared freshly for each experiment and binding activity validated. Mice were assigned to experimental groups based on non-invasive imaging (photon flux as p/s/cm 2 ; IVIS 200, Caliper Lifesciences, Alameda, CA) so that control and scFv treatment groups included animals with a similar range of metastatic burden. Under treatment, location and extent of lesion growth were again monitored by bioluminescence imaging, followed by histology.
Deeply anesthetized mice were terminally perfused through the ascending aorta with saline followed by 4% paraformaldehyde (PFA). The perfused organs were postfixed in para formaldehyde for 4 h before transfer into 25% sucrose in phosphate buffer. Frozen tissues were cryo sectioned (35 lm) and stored in cryoprotective solution at -20°C. For analyses of phage tissue distribution and phage titer, animals were euthanized 24 h after the last phage injection (i.v., i.p., or intranasal) and organs were weighed and homogenized, followed by infection of bacteria with the extracts. The numbers of carbenicillin resistant colonies (bacteria infected with phage) were counted, and phage count was normalized to phages per gram of tissue. All animal work was performed in accordance with The Scripps Research Institute Animal Resources (AAALAC accredited).
Definition of treatment response and statistical analysis
Late stages of metastatic growth present a high level of complexity and variations in the extent and distribution of metastatic burden from experimental animal to animal. Therefore, we chose analysis criteria similar to ''response evaluation criteria in solid tumors'' [42] [43] [44] . These criteria are used in clinical trials for treatment of advanced metastatic disease to assess individual treatment responses. Treatment responses were evaluated based on longitudinal measurements of tumor cell signal by non-invasive bioluminescence imaging of metastatic burden, before and during treatment in each animal. If, in a given experiment, an animal was treated for 7 days, then lesion growth during the 7-day period before treatment was compared to lesion growth during the 7 days of treatment. The difference in tumor growth before and during treatment was calculated. The resulting fold-changes were defined as: progression ([1.3-fold), stabilization (0.7-1.3-fold), reduced progression (0.1-0.7-fold), or regression (\0.1-fold). It was then determined how the animals in each group distributed between the response categories. For comparison of responses between the three treatment groups, scFv1, scFv5, and wild type phage as control, we note that the overall likelihood ratio chi-squared statistic with six degrees of freedom may be partitioned into two independent components, each with three degrees of freedom: the first component corresponds to comparison of ScFv1 vs. ScFv5, and the second component corresponds to the comparison of controls to the pooled ScFv1/ScFv5 category [45] . We report Fisher exact tests for these component comparisons.
Immunohistochemistry
To detect scFv phage in tumor lesions, free floating tissue sections were quenched with 3% H 2 O 2 (in case of DAB staining) and blocked with goat serum for 1 h, before adding a primary antibody against human CD44 (Mab 29.7 at 1:50 dilution of hybridoma supernatant) kindly provided by Jim Quigley, TSRI [21] , or M13 phage (anti-M13, Exalpha Biologicals Inc. Watertown, MA, at 20 lg/ml final). After overnight incubation and washing, sections were incubated for 2 h with anti-mouse HRP/Alexa Fluor-594 (4 lg/ml; Invitrogen/Molecular Probes), washed again and placed onto slides for incubation with 3.3-diaminobenzidine as a chromogen for HRP (BD Biosciences). Zink fixed tissues were de-paraffinized and antigen retrieval performed in 1 mM EDTA for 15 min at 100°C followed by treatment as above. Tissues were incubated with primary antibodies anti-mouse F4/80 (5 lg/ml; Cedarlane) or anti-human Ki67 (20 lg/ml; BD Pharmingen) for 1 h, followed by HRP-anti rat (4 lg/ml; Jackson Immunoresearch) or biotinylated anti-mouse(7.5 lg/ml; Vector Laboratories Inc.) antibodies respectively. Following the biotinylation step, tissues were treated with the vectastain ABC kit and all samples were subsequently treated with the peroxidase substrate Vector SG (Vector Laboratories Inc.). Slides were analyzed and images deconvoluted using an AxioImager M1 m microscope and AxioVision 4. (3.75-100 lM). Binding was measured by flow cytometry with murine M2 anti-FLAG antibody (15 lg/ml; Sigma, St. Louis, MO) followed by FITC anti-mouse (30 lg/ml; Pierce). Using the Mn 2? concentration (25 lM) that yielded half maximal scFv binding, scFv binding saturation was then measured by incubating MDA-MB-435 b3D723R cells for 1 h with increasing concentrations of directly FITC-labeled scFv five protein (2.34-150 lg/ml). The kinetics of scFv cell association and dissociation were analyzed by flow cytometry with directly FITC-labeled scFv protein at half maximal Mn 2? concentration and saturating scFv concentration, using MDA-MB-435 b3D723R cells. Association time was measured after removing unbound ligand in 10 min intervals. To determine dissociation, cells were first allowed to bind scFv for 1 h to reach binding saturation, after which unbound ligand was removed and the cells washed, before measuring remaining bound scFv in 10 min intervals. FITC-labeled fibrinogen (Fg) was used as a natural ligand for comparison. All incubations were done on ice using ice-cold buffers to prevent scFv or ligand internalization.
Western blot analysis and immunoprecipitation
To study scFv caspase-3 interaction, tumor cells were lysed in RIPA buffer and equal amounts of protein separated, blotted, and detected with rabbit-anti-caspase-3 antibody Sc7148 (0.5 lg/ml; Santa Cruz) followed by goat-anti-rabbit-IgG/HRP conjugate (26.6 ng/ml; Zymed, San Fransisco, CA). Caspase-3 was immunoprecipitated from cell lysates in the presence of protease inhibitors (Roche complete Mini tablet, EDTA-free and 2 mM PMSF) using goat-anti-caspase-3 antibody Sc1225 (1 lg/100 ll lysate; Santa Cruz) and protein G Sepharose beads. Control lysates were incubated with protein G beads only. Precipitated proteins were analyzed on 4-20% SDS-PA gels, blotted and detected with rabbit-anti-caspase-3 (0.5 lg/ml) and goat-anti-rabbit-IgG/ HRP conjugate (26.6 ng/ml). Interaction between scFv antibodies and caspase-3 was analyzed by co-immuno precipitation using anti-caspase-3 as above. Flag-tagged scFv 5 (10 lg), or scFv Mut 5 (RGE mutant of scFv 5) as control, were added to cell lysates before western blotting with mouse-anti-Flag (1:500 of Sigma F3165), followed by donkey-anti-mouse-IgG (0.5 lg/ml). Controls included IP without scFv antibodies, addition of scFv 5 but no goat-anticaspase-3 antibody, and a combination of beads, lysis buffer (instead of lysate) and either scFv 5 or scFv Mut 5.
ELISA-based analysis of caspase-3 and scFv interaction
To analyze binding of caspase-3 to the scFv antibodies, 96-well plates were coated with recombinant procaspase-3 (2 lg/ml) (BioVision, Moutain View, CA), blocked, and incubated with Flag tagged scFv 5 (1-15 lg/ml) or scFv Mut 5 (non RGD containing control) in the presence of 2 mM MnCl 2 . Binding was measured after incubation with mouse-anti-Flag (Sigma) and donkey-anti-mouse-IgG (Jackson Immuno Research Laboratories, West Grove, PA; all antibodies used at 0.5 lg/ml).
